Computed tomography combined with angiography has recently been developed to visualize three-dimensional (3D) vascular structure in experimental and clinical studies. However, there remain difficulties in using conventional x-ray angiography to detect small vessels with a diameter less than 200 μm. This study attempted to develop a novel method for visualizing the micro-angioarchitecture of rat spinal cord. Herein, synchrotron radiationbased x-ray in-line phase contrast computed tomography (IL-XPCT) was used to obtain 3D micro-vessel structure without angiography. The digital phase contrast images were compared with conventional histological sections. Our results clearly demonstrated that the resolution limit of the spatial blood supply network in the normal rat thoracic cord appeared to be as small as ∼10 μm. The rendered images were consistent with that obtained from histomorphology sections. In summary, IL-XPCT is a potential tool to investigate the 3D neurovascular morphology of the rat spinal cord without the use of contrast agents, and it could help to evaluate the validity of the pro-or anti-angiogenesis therapeutic strategies on microvasculature repair or regeneration.
evaluation of therapy and/or prognosis for the neurovascular diseases. To investigate the neural vasculature, conventional x-ray angiography is commonly used in clinical practice, though with radiation dose hazard. In addition, computed tomography technique combined with x-ray angiography has become a valuable tool in the 3D visualization of the cardiovascular system (Bamberg et al 2011) . However, many small vessels, especially in deep parenchyma, are below the detection limitation of conventional radiography. Thus, a higher resolution micro-imaging technique is required to investigate the complicated structure for the study of normal and pathological microvascular networks.
Traditional angiography for visualization of vasculature is enhanced by the absorption contrast between the contrast medium and the surrounding tissue. Recently, the development of the synchrotron radiation (SR) x-ray source, which is superiorly characterized by monochromatization coupled with a sufficiently high photon flux and coherence properties, facilitates the high-resolution visualization of the normal and tumorous cerebral microvasculature as well as physiological angiogenesis of brain postnatal development. The limited resolution was less than the minimum capillary diameter which was achieved by SR light source radiography with Ba 2+ particle micro-angiography (Risser et al 2007 (Risser et al , 2009 . Different from traditional attenuation-based x-ray imaging, x-ray phase contrast imaging (XPCI) is based on the collection of x-ray refractive index information changes after radiography through the detected specimen. For light element tissue (e.g., C, H, O and N) imaging, the alterations of x-ray refractive index information mostly relies on the x-ray phase shift which is approximately 1000 times more sensitive than x-ray absorption contrast imaging (Zhou and Brahme 2008) . Thus, XPCI is capable of capturing the valuable phase contrast information and does shed the light on conventional absorption contrast imaging by rendering the internal structure imaging of the weak x-ray absorptive biological tissue or biomaterial (e.g., tendons, ligaments, cartilage and vessels) (Li et al 2009) . Previous studies indicate that four techniques are mainly used in XPCI procedures including interferometer imaging, diffraction-enhanced imaging (DEI), in-line x-ray phase contrast imaging (IL-XPCI) and grating differential imaging (Weitkamp et al 2005 , Bravin et al 2007 , Zhou and Brahme 2008 . All of these techniques have successfully obtained the phase contrast images of rodent's liver vessels, coronary vessels, tumor and even individual cells in experimental studies (Zhang et al 2008 , Lewis et al 2003 , Bravin et al 2007 , Zehbe et al 2010 . The current SRx-ray source does effectively meet the key requirements of the IL-XPCI technique. Besides XPCI in combination with computed tomography (XPCT) is suitable for 3D morphological research of intra-structural imaging in detail (Groso et al 2006) .
In this study, we investigated the normal vascular arrangement in a rat thoracic cord segment in vitro for the first time using the IL-XPCT technique with a SR light source. All experiments were performed at x-ray imaging and biomedical application beamline (BL13W1) in Shanghai Light Source in China, a newly third-generation Shanghai Synchrotron Radiation Facility (SSRF). The goal was to explore the possibility of the 3D visualization of the neurovascular structure by IL-XPCT, and to demonstrate the potential value of detecting early microvasculature disorders in biomedical studies.
Materials and methods

Sample preparation
The experimental protocol was approved by the Animal Ethics Committee in accordance with Animal Care and Use Guidelines of Central South University. Six Sprague-Dawley male rats (250-300 g) were randomly divided into A and B groups (n = 3 respectively). Both groups were deeply anesthetized and euthanized with an overdose of 10% chloral hydrate intraperitoneally. The heparinized saline was rapidly and sufficiently perfused into the circulatory system via aorta ascendens allowing an effective drain of blood flow. Subsequently, 10% buffered formalin was perfused for tissue fixation. All the perfused solutions were preheated and the operation was kept in a warm environment. Animals in group B were subsequently subjected to vascular perfusion by contrast agents (Microfil MV-122, Flow Tech, CA, USA). Thereafter, all the animals were kept in 4
• C refrigeration overnight. The next day, the rats underwent laminectomy centered at the 10th thoracic vertebra, and the spinal cord with a length of six mm was taken off, dehydrated using graded ethanol and immersed in methyl salicylate for 24-48 h. The samples in group A were used for IL-XPCT, and the group B samples for histo-morphological thick section examination by optical microscope.
IL-XPCI theory and experimental condition 2.2.1. IL-XPCI theory.
The image formation process in propagation-based phase contrast imaging has been well described in the framework of Fourier optics. If sufficiently coherent x-rays are used, when the detector is moved downstream of the object, the image formed on the detector is not only due to absorption of x-rays in the object but also the phase shift induced by the object. This setup is known as propagation-based phase contrast or in-line holography. If the interaction between the wave and the object is strong, the recorded intensity will contain both absorption and phase contrast. The analysis of such images is described in the following.
The illuminated object is considered to be completely defined by its 3D complex refractive index distribution:
where δ r (x, y, z) is the refractive index decrement, β(x, y, z) is the absorption index and (x, y, z) is the spatial coordinates. In the case of a weak interaction between x-rays and matter, the so-called projection approximation can be used. Therefore, the wave-object interaction can be described by a transmittance function:
where u inc (X) is the incident wave field, u 0 (X) is the wave field at the exit plane of the object and X = (x, y) is the spatial coordinate vector in the plane transverse to the beam propagation direction z. In the practical case, the recorded images have to be corrected for u inc (X) by flat field correction. The absorption B(X) can be considered a projection through the absorption index
and the phase shift ϕ(X) is a projection through the refractive index
where λ is the wavelength. This means that if B(X) and ϕ(X) can be determined at a large number of projection angles, β(x, y, z) and δ r (x, y, z) can be reconstructed by a standard tomographic reconstruction algorithm such as the filtered backprojection (FBP). If the wave field is allowed to propagate a distance z in free space after interaction with the object, the image formed on the detector is a diffraction pattern. Since the propagation distances are small, the Fresnel approximation can be used. The recorded intensity at distance z, I z (X) can, therefore, be written as the squared modulus of the Fresnel transform as equations (6) and (7) (Born and Wolf 1999) 
where P z (X) is the Fresnel propagator and * denotes convolution.
Experimental condition.
The experiments were carried out at the BL13W1 beamline in SSRF, in which the range of optical energy varied from 8 to 72.5 keV, and the maximal beam size was 48 mm (horizontal) × 5 mm(vertical) at the object position at 20 keV with a divergence of 1.5 mrad (horizontal) × 0.2 mrad (vertical). The sample was about 34 m downstream of the wiggler source, which provided not only a high spatial coherence beam, characterized by the transversal coherence length which was 31 μm and at photon energy 30 keV in the vertical direction, but also was almost parallel with the beam incident on the sample. The granite stage was installed at the end station, 3.0 m long and intended for high-stable and high-resolution imaging. The sample was fixed on one end of the stage, and the detector was installed on a rail which could be driven by a remotely controlled motor. In this way, the sample-to-detector distance could be easily adjusted. The schematic of the experimental setup can be seen in figure 1 . To obtain high-resolution and high-contrast images, the energy was set at a 15.0 keV level, and the sample-to-detector distance was adjusted to 30 cm. The entrance dose submitted to tissue is about 1.065 Gy for each projection. The effective pixel size of the x-ray detector is 3.7 μm (Photonic Science, UK).
Image acquisition and post-processing
The sample was placed at the center of a rotary stage allowing a range of 0 • -180
• continuous rotation of the sample. A total of 720 initial projecting images were captured by the detector. The time of exposure was established to 2.2 s for each of the 720 frames. Besides a total of 12bright-field images were taken without sample in the light path per 60 intervals of projecting during the image collection. Lastly, five dark-field images were captured by cutting off the light source. The total time duration in the whole image acquisition process was about 50 min. All the projecting images were transformed into digital slice sections using the fast ) showed the main blood supply system in common, including the spinal anterior vessels, the spinal posterolateral vessels, the central sulcal vessels (arrow) and the rami perforating branches (triangle), and the micro-vessel networks were formed to feed the blood supply in gray matter (star). Bar = 100 μm.
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Figure 3. Illustration of the intrinsic 3D micro-vessel networks in detail. (A) The central sulcal vessels (arrow). (B)-(D)
The small vessels with ∼10 μm diameter were clearly visualized, and the branches of the central sulcal vessels (arrow) and that of rami perforantes (triangle) were intensively fastened into the dense micro-vessel networks (star) supplying the gray matter. Bar = 75 μm.
slice reconstruction software (compiled by BL13W1 experimental station) based on the FBP algorithm (Kak and Slaney 1988) . A series of slices were rendered into 3D structure by VG Studio Max 3D reconstruction software (version 2.1, Volume Graphics GmbH, Germany). Here, the 3D angioarchitecture was achieved by IL-XPCT.
Histo-morphological observation
For morphological inspection of intra-medullary vessels, the samples in group B were sectioned with double razor blades by hand into transverse and longitudinal tissue slices (the thickness of about 400 μm). The intrinsic vessels images were observed and photographed with an optical microscope (Leica DM4000B, Germany), then compared with 3D vascular images by IL-XPCT.
Data analysis
The data was reported with mean ± SE in this experiment.
Results
The whole 3D vascular framework was clearly rendered in figure 2 using SR-based IL-XPCT. The dura and pia mater spinalis were dressed on the surface of spinal cord. Several important vessels, including the anterior spinal artery, the posterolateral spinal artery and the accompanying veins, were embedded in subarachnoid space. In the intrinsic spinal cord, the morphology of penetrating vessel branches could also be clearly visualized. The intramedullary penetrating branches mostly constituted of the sulcal vessel system and the rami perforantes system, which were almost orthogonally and centripetally orientated toward the center of gray matter (figure 2). The sulcal artery was generated from the anterior spinal artery, and always branched into the bilateral gray matter at the anterior white commissure (figures 3(A) and (B)). The branches of the sulcal artery and that of rami perforantes were transversely and longitudinally inosculated and knitted into a spatial micro-vessel network feeding the neural parenchyma in gray matter (figures 3(A), (C) and (D)). The enlarged images for the quantitative analysis of the sulcal arteries were individually separated from the whole vasculature ( figure 3(B) ). The vessel counts of the sulcal arteries arrangement was 21 ± 3.4 entries mm −1 (n = 3), and the mean diameter of these sulcal arteries was 14.1 ± 2.7 μm (n = 30), and the average interval between the neighboring sulcal arteries was 37.5 ± 5.6 μm (n = 30). The smallest vessel diameter measured in SR images was approximately 7.4 μm, which was extremely close to the capillary diameter. Using the IL-XPCT, both the superficial and deep vasculature with a micro-scale diameter could be easily discerned in the intrinsic spinal cord.
The images of a thick histo-morphological section in figure 4 were shown for comparison with IL-XPCT images. A natural boundary line was clearly presented at the junctional zone of the gray and the white matter. The vessel density significantly increased when going through the boundary line from peripheral white matter to inner gray matter. The major blood supply of the gray matter was covered by the terminal micro-vessel network which originated from the branches of the sulcal artery and that of rami perforantes. The characteristics of vascular arrangements in IL-XPCT images were well matched with that of histological sections. 
Discussion
The rodent has frequently been used for experimental investigation of spinal cord vascular alterations due to its similarity of the blood supply system compared with that in humans (Qiu and Zhu 2004) . In this study, some high-quality angioarchitectural images were demonstrated for 3D morphological evaluation not available using the conventional histomorphology. The intra-medullary blood supply system was consistent with that of thick histological sections observation, which was also performed by Koyanagi (Koyanagi et al 1993) . Herein, we demonstrate that the spinal vessel structure with micro-scale can be clearly visualized by the simple, fast, effective and high-resolution SR-based IL-XPCT technique. The high-quality phase contrast images were achieved by a nearly parallel monochromatic SR light source combined with a high-resolution camera system as a detector, which enhances the sensitivity of the image quality in detail with a pixel size up to 3.7 μm. In clinical x-ray imaging, conventional radiography cannot provide sufficiently clear images of vessels less than 200 μm in diameter (Myojin et al 2007) . Previous studies indicated that phase contrast imaging relied only on the refractive index-based image contrast rather than attenuation contrast with the elevation of x-ray energy. (Arfelli et al 1998, Zhou and Brahme 2008) . Considering the fact that there was no requirement of contrast agent perfusion into the vessels in the radiography, the IL-XPCT would induce a decreased radiation dose and thus inflict less damage to the biological tissue (Zhu et al 2010) . Our results indicated the feasibility for a high-resolution 3D visualization of intrinsic microvasculature using in-line phase contrast tomography in the neurovascular model of disease in the future. For now, the IL-XPCT is known as a valuable tool to visualize rat spinal cord microvasculature. We strongly believe that it could be developed to explore the 3D pathological structural changes in laboratory models of disease (e.g., neural tumor, vascular myelopathy and neurovascular trauma).In particular, we considered that this technique would facilitate a comparison between the control group and the experimental groups of a pharmacological and/or rehabilitation intervention at an established time point. Besides, compared with interferometer imaging and DEI, the IL-XPCI has no requirements of superior temporal coherence within the light source and perfect optics crystal components in the light path. In consideration of the SR-XPCI superiority characterized by high resolution, no usage of contrast agent and simplicity for manual manipulation, the IL-XPCT is expected to be a promising tool to allow rapid performance of microvascular disease investigation in clinical radiology. However, there indeed lie some large limitations. Firstly, phase contrast imaging does require the high-property of the spatial coherence light source, which is only possible with the use of a sophisticated SR light source or micro-focus x-ray source. It deserves to consider the miniaturization of this cumbersome facility. Secondly, in order to achieve a high-resolution image, the magnification of detector is enlarged and the field of view is compelled to constrict. It indicates that the sample size needs to be small enough to be contained in the whole visual field. Thirdly, high spatial resolution usually implies a high dose, and SR tomography usually has a long exposing time, which doubtlessly increases the radiation damage to the living tissues. Fourth, the high-quality vascular image presented here was achieved by removing the vertebral bone and exposing the spinal cord in vitro, but its image quality may become inferior under in vivo conditions or with the vertebral body intact. Finally, when compared with angiography, phase contrast imaging currently lacks the selectivity to render a certain vessel branch, because it seems difficult to identify an artery from the vein on the projecting image for dynamically visualizing the alteration in the arterial or the venous time phase in vivo. In our opinion, the application of IL-XPCT with the same high resolution in vivo is promising provided that the problems related to the technical facility, radiation dose and morphological preparation are well resolved. However, we hope to express our enthusiasm in holding the prospect of using the IL-XPCT as a novel technique to analyze the anatomical angioarchitecture and/or pathological vascular alterations in experimental study.
Conclusion
In our study, we presented the 3D morphological features of microvasculature in rat spinal cord using SR-based IL-XPCT without angiography for the first time, and the resolution limit was as small as 10 μm. This novel imaging technique can be used as a potent tool to investigate the anatomical micro-structure of neurovascular network, and to monitor the pathological microcirculatory disorders and tumor angiogenesis process, and to evaluate the potential efficiency of pro-or anti-angiogenic therapeutic interventions in biomedical study.
